The endoplasmic reticulum (ER) in Sertoli cells is a component of unique adhesion junctions (ectoplasmic specializations-ESs) and is closely associated with structures termed tubulobulbar complexes (TBCs) that internalize intercellular junctions during sperm release and during the translocation of spermatocytes through the blood-testis barrier. A role for the ER in Ca 2+ regulation at ESs and TBCs has been suspected, but evidence for this function has proved elusive. Using electron microscopy, we define two new ER-plasma membrane (PM) contact sites in apical Sertoli cell processes. One of these sites occurs at TBCs where flattened lamellar cisternae of ER envelope the swollen bulb regions of the complexes, and where the gap between adjacent membranes is 12 nm. The other is at the periphery of apical processes where the gap between membranes is 13-14 nm. Using immunolocalization at the light and electron microscopic levels, we demonstrate that Ca 2+ regulatory machinery is present at the ESs attached to spermatid heads, and at ER-PM contacts. Sarco/endoplasmic reticulum Ca 2+ -ATPase 2 (ATP2A2, SERCA2) is present at ESs; transient receptor potential channel subfamily M member 6 (TRPM6), Homer1 (HOMER1), and inositol 1,4,5-trisphosphate receptor (ITPR, IP 3 R) are present at ER-PM contacts associated with TBC bulbs; and stromal interacting molecule 1 (STIM1), Orai1 (ORAI1), and ATP2A2 are present at the ER-PM contacts around the margins of Sertoli cell apical processes. In Sertoli cells, the molecular machinery associated with ER generated Ca 2+ fluxes is present in regions and structures directly related to junction remodeling-a process necessary for sperm release. Ca 2+ signaling and junction turnover in rat testis, 2017, Vol. 96, No. 6 
Introduction
Intercellular junction remodeling in the seminiferous epithelium is fundamental to spermatogenesis in the mammalian testis. At the base of the epithelium, massive junction complexes between neighboring Sertoli cells are disassembled above while simultaneously being reassembled below spermatocytes as part of the mechanism by which the next generation of germ cells is translocated from basal to adluminal compartments of the epithelium [1] . At the apex of the epithelium, large adhesion junctions between Sertoli cells and late spermatids are dismantled as part of the mechanism of sperm release, or spermiation, while at the same time new junctions are formed with early spermatids that are beginning to polarize [2] . In Sertoli cells, elements of the endoplasmic reticulum (ER) are consistently associated both with the junctions themselves, and with endocytic structures involved with junction turnover.
At junctions, cisternae of ER are linked to a layer of "closepacked" actin filaments, which in turn are linked to regions of the Sertoli cell plasma membrane (PM) involved with intercellular adhesion [3] . Together, these three elements form structural noncontractile units that have been termed "ectoplasmic specializations" (ESs) [2] . These tripartite structures, consisting of ER, actin filaments, and PM, are one of the defining features of morphologically mature mammalian Sertoli cells.
Cisternae of ER also are closely associated with unique structures termed "tubulobulbar complexes" (TBCs) that are involved with junction disassembly [4] (Figure 1 ). These complexes form only in regions previously occupied by ESs and consist of a tubular membrane core composed of the two PMs of the attached cells [5] . A dendritic network of actin filaments surrounds the elongate tubular core, and an outer spectrin)/plectin shell encloses the actin network ( Figure 1 ) [6] . The entire complex is capped at its distal end by a clathrin (CLT)-coated pit [7] . In fact, the developing structure resembles a coated pit with an extremely long neck, and contains similar protein modules to those identified for CLT-based endocytosis machinery generally in cells [8] . As the complex matures, a swelling, or "bulb," develops near the end of the structure that lacks the cytoskeletal cuff, but is closely related to cisternae of ER. Eventually the bulb expands, separates from the complex, and enters endocytic compartments of the Sertoli cell [5, 9, 10] . TBCs are proposed to be subcellular machines that internalize intercellular junctions during the process of junction turnover in the seminiferous epithelium [4] .
Ectoplasmic specializations and TBCs occur both at junction complexes between neighboring Sertoli cells at the base of the epithelium and at more apical sites where Sertoli cells are attached to spermatids. At the latter locations, mature spermatids eventually become suspended at the periphery of the tubule lumen by projections of Sertoli cells. Each of these apical Sertoli cell projections, or processes, encapsulates a single spermatid head and is attached to the head by an ES (Figure 1 ). In the rat, a cluster of as many as 24 TBCs project from the junction site into the Sertoli cell process as the ES is disassembled during sperm release [5] . Previous work by Clermont and coworkers [11] has shown that the ER forms a continuous network in these apical Sertoli cell processes.
The function of the ER at ESs and at TBCs is not entirely clear. One function that has been postulated for the ER at ESs is that it is somehow involved with Ca 2+ signaling, and that this regulates Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/6/1288/3806625 by OUP site access user on 15 October 2018 either the junctions themselves or the actin cytoskeleton [12] [13] [14] HOMER1 is a scaffolding protein that interacts with other proteins through its EHV1 domain [18] . The HOMER1 EHV1 domain binds to a proline-rich region in other proteins characterized by prolineproline-x-x-phenylalanine (PPXXF) sequence [19] . The PPXXF motif appears in a variety of other receptors and channels such as transient receptor potential (TRP) channels, allowing them to be coupled with ITPR [20] .
A candidate for coupling to ITPR via HOMER1 in Sertoli cells is TRP channel subfamily M member 6 (TRPM6). The Ca 2+ and Mg
2+
permeable TRPM6 channel is part of the melastatin-related TRP channels that localize to the PM [21] . There have been no reports of TRPM6 functioning in a complex with HOMER1 and ITPR; however, TRPM6 contains a Homer-binding ligand, PPXXF, at residues 1367-1371 (accession no. F1M7G0) [22] . Combined with the fact that TRPM6 is upregulated in the testis [23] , these observations suggested to us that TRPM6 may be present at TBC bulbs. Other candidate proteins that may be present in Sertoli cells are stromal interacting molecule 1 (STIM1) and Orai1 (ORAI1). These proteins are components of store-operated Ca 2+ entry (SOCE) where depletion of intracellular Ca 2+ stores triggers an influx of Ca 2+ from the extracellular environment through channels in the PM. STIM1 is a Ca 2+ sensor in the ER membrane which is activated upon depletion of ER Ca 2+ stores [24, 25] . Its activation causes the cytosolic domain to become positively charged which brings it into close apposition to the negatively charged phospholipids of the PM [26] [27] [28] . Once in close proximity to the PM, it can then activate ORAI1, a Ca 2+ channel subunit in the PM [29, 30] . Activation of ORAI1 subunits allows them to oligomerize to form a Ca 2+ channel resulting in Ca 2+ influx into the cytoplasm from the environment [31] . If this type of Ca 2+ regulation is important in Sertoli cells, then there also should be Ca 2+ pumps present in the ER membrane to refill ER stores.
We suspected that sarco/ER Ca 2+ -ATPase 2 (ATP2A2, SERCA2), a Ca 2+ pump in the ER that refills ER Ca 2+ stores, may be present in the ER. In this study, we focus on the ER in apical processes of Sertoli cells. Here, cisternae of ER are components of ESs in areas of attachment to spermatid heads, are related to the bulbs of TBCs, and are located as multiple layers around the margins of each apical process that surrounds the spermatid head and the associated cluster of TBCs. We use conventional electron microscopy and electron tomography to explore the relationship of the ER to adjacent membranes in apical processes, and use immunofluorescence and immunoelectron microscopy to probe the system for those proteins known to be involved in generating ER-related Ca 2+ fluxes in other systems.
Materials and Methods

Animals
All animals utilized in this study were reproductively mature male Sprague-Dawley rats (Rattus norvegicus) obtained from Charles River Laboratories. They were housed in accordance with guidelines established by the Canadian Council on Animal Care and with protocols approved by the Animal Care Committee of the University of British Columbia. These guidelines were also in accordance with the Ethical Guidelines for Publication of Research Results in Biology of Reproduction. All rats were healthy at the time of use and ranged from 300 to 500 g in weight.
Anesthesia and euthanasia
All animals used in this study were anesthetized by isoflurane inhalation. While under deep anesthesia, the testes were removed and then processed further using protocols specific to each experiment. After testes were removed, animals were euthanized while under deep anesthesia by opening the thorax and cutting the heart.
Reagents
Unless otherwise noted, reagents were obtained from Sigma-Aldrich. See supplementary table S1 for details on antibodies used.
Electron microscopy Fixation and embedding
The spermatic artery on the dorsal surface of each testis was canulated with a 26-G needle and then the organs were gravity perfused briefly with phosphate buffered saline (PBS) (150 mM NaCl, 5 mM KCl, 0. For analysis by conventional electron microscopy, thin sections (900 Å) were obtained using the same ultramicrotome as indicated above, but fitted with an Ultra-AFM 3.0 mm diamond knife (DiATOME). Sections were collected on naked 200 mesh copper grids and then stained first with saturated uranyl acetate in 75% methanol and then with standard Reynolds' lead citrate. The material was imaged using a Tecnai G2 Spirit Transmission Electron Microscope (FEI) operated at 120 kV.
Electron tomography
For electron microscopic tomography studies, material from three animals was used. Sections were cut at around 2000 Å and collected on formvar-coated copper slot grids (EM Sciences). Sections were stained with 2% aqueous uranyl acetate for 30 min and then Reynolds' lead citrate for 15 min. Grids were stored in a desiccator at room temperature until they were analyzed. Images for tomography were collected using a Tecnai G20 LaB6 Transmission Electron Microscope (FEI) operated at 200 kV. Data were extracted using TIA (FEI), an automated acquisition program. The 3D volumes were reconstructed using real-space back-weighted projection implemented in Inspect 3D (FEI). Tilt series alignment and modeling was done using Amira 5.50 (FEI).
Distance measurements and statistical analysis
Transmission electron microscopy (TEM) images from two animals were used to measure the distance between the PM and ER both at the bulbs of apical TBCs, at ESs, and at the periphery of the apical process. Each associated cistern of ER was measured at the closest distance between the two membranes using ImageJ software. Average values for distances were calculated for each animal and expressed as means ±95% confidence interval. Because the data were distributed along a continuous variable (distance) and defined by two independent, categorical variables (animal and subcellular location), two-way analysis of variance (ANOVA) was utilized for statistical comparison between ER at TBC bulbs and at ESs. Significance was defined as P < 0.05. Measurements of the distance between the ER and PM at the periphery of apical processes were obtained identically but were not compared statistically to bulbs or ESs.
Pre-embedding immunoelectron microscopy
The immunoelectron microscopy fixation protocol used was modified after that described by Young et al. [9] . Rats were anesthetized with isoflurane before testes were removed and perfusion fixed for 30 min at room temperature with 3% paraformaldehyde in PBS. Sections of fixed testis (1-2 mm) were cut with a razor blade and then washed three times with PBS. Testis slices were then immersed in 30% sucrose in PBS as a cryoprotectant for 48 h at 4
• C. Cryoprotected slices were then covered in Tissue-Tek O.C.T in aluminum foil holders then frozen and stored in liquid nitrogen. Frozen tissue was sectioned to 10-μm thickness with a cryostat at -20
• C and transferred to poly-L-lysine-coated slides. Tissue sections were allowed to adhere to the slides for 8 min, washed with PBS for 5 min, and incubated in 0.05 M glycine in PBS for 10 min. Blocking was then done with 1% bovine serum albumin (BSA) and 0.1% gelatin (GEL) in PBS for 30 min and BSA-GEL-PBS with 1% normal goat serum (NGS) for another 30 min.
Immunolabeling and silver enhancement were done using an original protocol by Melo et al. [32] with several modifications to this and the electron microscope done as described in detail by Adams and Vogl [33] . Primary antibodies were used at a dilution of 1:10 made up in BSA-GEL-PBS for 1 h. Blocking was then done with BSA-GEL-NGS-PBS for 30 min. The secondary antibodies were diluted in blocking buffer and samples were incubated with secondary for 1 h. Gold particles were then enhanced using an HQ Silver Enhancement kit from Nanoprobes in the darkroom for 8 min before being incubated in 5% sodium thiosulfate. Sections were post-fixed with 1% OsO 4 for 10 min followed by en bloc staining with 1% uranyl acetate for 5 min. Serial dehydration was performed with ethanol solutions (30%, 50%, 70%, 95%, and 100%) for 10 min each before being infiltrated with a 1:1 mixture of propylene oxide and EMbed 812 for 1 h. Silicone capsules containing EMbed 812 were inverted over tissue and polymerized at 60
• C for 48 h. Polymerized blocks were placed in liquid nitrogen for 2-3 min to allow the glass slides to be separated from the tissue in the blocks. Stage VII tubules were selected using a dissecting microscope and the blocks were trimmed to isolate these tubules. Blocks containing tissue were sectioned on a Leica Ultramicrotome, and imaging was done using an FEI Tecnai G2 Spirit Electron Microscope operated at 120 kV.
Immunofluorescence microscopy Fixation
Testes were fixed as described for EM using fixative for fluorescence (PBS, 3% paraformaldehyde, pH 7.3). After 30 min, the organs were washed by perfusion with 0.22-μm-filtered PBS warmed to 33
One half of the testis was used to obtain cryosections, while the other was used to obtain epithelial fragments.
Cryosections
The half of each testis dedicated to cryosections was mounted onto an aluminum stub using optimal cutting temperature compound (Sakura Finetek). The testis was flash-frozen using liquid nitrogen, and 10-μm thick sections were obtained using a cryomicrotome. Sections were collected on poly-L-lysine-coated slides and immediately plunged into cold acetone for 5 min and subsequently placed into a PBS/0.1% BSA bath for 5 min.
Epithelial fragments
The half of each testis dedicated to epithelial fragments was decapsulated, and the seminiferous tubules were cut into small pieces using scalpels in a petri dish containing PBS. The pieces were transferred into 50 mL falcon tubes and fragmented by aspirating them first through an 18-G needle followed by a 21-G needle. The solution was allowed to stand for 10 min to allow larger fragments to sink to the bottom. The supernatant was transferred to a 14 mL falcon tube and centrifuged to precipitate fragments that contained late spermatids with surrounding Sertoli cell apical processes. The supernatant was removed and the pellet was resuspended in 1 mL of PBS. These fragments were transferred to poly-L-lysine-coated slides. The fragments were allowed to adhere to the slide for 10 min inside a humidity chamber.
Antibody labeling and imaging
Both sections and fragments had excess liquid drained off, and a hydrophobic marker was used to draw a well around the samples to keep solutions over the tissue. Sections were blocked with 5% BSA/PBS for 1 h, while fragments were blocked with 5% BSA/0.1% saponin/PBS for 1 h. Primary antibodies for sections were diluted in 0.1% BSA/PBS, while primary antibodies for fragments were Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/6/1288/3806625 by OUP site access user on 15 October 2018 diluted in 0.1% BSA/0.1% saponin/PBS. Once added to the samples, antibodies were left on overnight at 4
• C in a humidity chamber.
The samples were washed three times for 10 min each by replacing the solution on the tissue with fresh 0.1% BSA/PBS each time. Secondary antibody was diluted in 0.1% BSA/PBS for sections and 0.1% BSA/0.1% saponin/PBS for fragments. The secondary antibody was added to the samples and incubated at 37
• C for 1 h. They were then washed for 10 min by replacing the solution with fresh 0.1% BSA/PBS and stained with 300 nM DAPI in 0.1% BSA/PBS for 10 min. The samples were washed again with fresh 0.1% BSA/PBS and then mounted using Vectashield antifade mounting medium (Vector Laboratories). Samples were imaged using a Leica TCS SP5 confocal microscope. Select images were further processed using a Lucy-Richardson deconvolution algorithm in the imageJ plugin, Deconvolution Lab [34] Optimizations Sections labeled with mouse anti-ATP2A2 were not treated with acetone immediately after sectioning, instead they were treated identically to epithelial fragments with the inclusion of 0.1% saponin in buffers for permeabilization.
Colocalization analysis
Deconvolved Z stacks of epithelial fragments were used for colocalization analysis of STIM1 and ORAI1 antibody labeling. The imageJ plugin, JACoP [35] , was used to calculate Manders' coefficients for STIM1 and ORAI1 labeling. Due to a limitation with the plugin not being able to measure colocalization within a region of interest in a Z stack, all labeling outside of the fragment consisting of debris and artifact was removed using functions contained in the imageJ software prior to colocalization analysis. This enabled a measure of colocalization of the fragment without artificial inflation caused by debris and artifacts. The thresholds for both STIM1 and ORAI1 channels were determined visually and applied identically across all experiments.
Western blotting Whole testis lysates
Testes from several animals were decapsulated, and the tissue was pooled. The tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris, 5 mM, EDTA, 1% Nonidet P-40, 1% deoxychloic acid, 0.1% SDS, pH 7.3) containing mini-EDTA-free protease inhibitor (Roche).
Seminiferous epithelium lysates
This lysate was prepared using the method developed by Guttman et al. [36] and is described here briefly. Testes were decapsulated and cut into smaller pieces while in cold PEM/250 buffer (0.2 M Pipes, 0.1 M EGTA, 0.1 M MgCl 2 , 250 mM sucrose). The seminiferous epithelium was removed from the tubule walls using two probes. Tissue was concentrated by centrifugation and homogenized using RIPA lysis buffer containing mini-EDTA-free protease inhibitor (Roche). Protein concentration of both lysates was determined using Pierce BCA protein assay kit (Thermo Fisher Scientific) and then diluted down to 2 mg/mL using Laemmli sample buffer. Aliquots were stored at -20
• C until needed.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and membrane transfer Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Laemmli [37] and is briefly described here. Lysates were loaded into 1-mm-thick SDS-PAGE gels and run at 100 V for 1 h. The gel was allowed to equilibriate in wet transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3) for 10 min.
Proteins were transferred to polyvinylidene fluoride membranes using wet transfer for either 1 h at constant 350 mA or overnight at 4
• C and constant 90 mA.
Immunolabeling and detection
We used our standard blocking buffer, 4% nonfat milk in TBST (50 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5), for washing the membrane throughout the experiment as well and refer to it as blot buffer. The membrane was blocked with blot buffer either overnight at 4
• C or for 1 h at room temperature. Primary antibody was diluted in blot buffer and added to the membrane for 1 h at room temperature. This was followed by another three washes with blot buffer for 5 min each wash. Secondary antibody was diluted in blot buffer and added to the membrane for 1 h at room temperature. The membrane was washed three times for 5 min each wash with TBST and transferred to ECL solution for 3 min. Membranes were imaged on an ImageQuant LAS 4000 system (GE Life Sciences).
Optimizations
The ITPR blot had 20 μg of protein loaded into a 6% polyacrylamide gel and was transferred overnight at 4
• C. The STIM1 and ORAI1
blot had 30 μg of protein loaded into a 10% polyacrylamide gel and was transferred for 1 h at room temperature. The ATP2A2 blot had 60 μg of protein loaded into a 10% polyacrylamide gel and was transferred for 1 h at room temperature. The TRPM6 blot had 20 μg protein loaded into a 6% polyacrylamide gel and was transferred overnight at 4
• C. Following transfer, the TRPM6 blot was incubated in stripping buffer (62.5 mM Tris-HCl, 2% SDS, 0.7% β-mercaptoethanol, pH 6.8) prior to blocking in order to facilitate the exposure of protein epitopes that is often necessary with transmembrane proteins [38] . The HOMER1 blot had 20 μg protein loaded into a 10% polyacrylamide gel and was transferred for 1 h at room temperature.
Results
Characterization of the endoplasmic reticulum at ectoplasmic specializations and tubulobulbar complexes
We first attempted to characterize the ER both at ESs (Figure 2A ) and at TBCs ( Figure 2B ) by measuring the distance between the ER cisternae and Sertoli cell PM in transmission electron micrographs of normal tissue from two different animals. The averaged closest distances between the ER and the PM at ESs were determined to be 72.5 ± 3.5 nm (95% CI, n = 21) and 73.0 ± 2.1 nm (95% CI, n = 19) (Figure 2A/B inset ). An area of dense hexagonally packed actin was consistently observed to separate the ER from close contact with the Sertoli cell PM (Figure 2A ). In contrast, the averaged closest distance between the ER and the Sertoli cell PM at the bulbs of TBCs was 12.2 ± 0.7 nm (95% CI, n = 24) and 12.7 ± 0.6 nm (95% CI, n = 21) (Figure 2A/B, inset) . When compared statistically, membrane distances were found to be significantly affected by subcellular location (ESs versus TBCs) Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/6/1288/3806625 by OUP site access user on 15 October 2018 (P < 0.0001, two-way ANOVA). Membrane distance was not affected by animal (P = 0.81, two-way ANOVA), and subcellular location and animal did not significantly interact (P = 0.88, two-way ANOVA). The data indicate that any variations in fixation quality between the two utilized animals did not significantly affect membrane distance. In both animals, the ER was closer to the PM at the bulbs of TBCs than at ESs (Figure 2A and B inset) . The average measured intermembrane gap between the ER and PM at the bulbs was well within the range of that expected for an ER-PM contact of 10-30 nm [39] .
When evaluated in tomograms, the ER related to bulbs form flattened cisternae that encapsulate each bulb and interconnect, either as sheets or tubes, with the ER of neighboring bulbs ( Figure 2C and D). Filamentous linkages connecting the ER and the Sertoli cell PM were clearly visible in the gap between the two adjacent membranes ( Figure 2B , E, F). The Ca 2+ release channel, ITPR, localizes to the bulb regions of tubulobulbar complexes Unexpectedly, in cryosections of stage VII seminiferous tubules, the ITPR antibody most strongly labeled regions within Sertoli cell apical processes where TBCs are known to occur and did not convincingly label ESs ( Figure 3A) . To evaluate the position of the ITPR labeling with respect to TBCs, we used phalloidin staining of the actin networks present at tubular regions of TBCs or an antibody labeling cortactin (CTTN), a component of these actin networks. In cryosections of stage VII seminiferous tubules, the ITPR antibody labeling is seen near the ends of labeled TBCs ( Figure 3B and C) . The antibody also labeled the acrosomes of round spermatids in stage VII seminiferous tubules ( Figure 3A and B) .
At TBCs, the ITPR antibody labeled TBC bulbs in regions corresponding to the gap between the actin networks of proximal and distal tubules ( Figure 3D ). The pattern of labeling at TBCs with the primary antibody was not observed in the NMIgG specificity controls for sections and fragments ( Figure 3E and F) , and the antibody reacted with a single band in the range expected for ITPR on immunoblots ( Figure 3G) .
We further investigated the spatial location of ITPR at TBCs using immunoelectron microscopy. At bulb regions of TBCs, the ITPR antibody labels the ER that is closely associated with the Sertoli cell PM ( Figure 3H and I) . The same labeling pattern was not seen in equivalent electron micrographs of primary antibody controls ( Figure 3J ).
TRPM6 and HOMER1 localize to the bulb regions of tubulobulbar complexes
Using immunofluorescence and pre-embedding immunoelectron microscopy, we found that both HOMER1 and TRPM6 localized to TBC bulbs (Figure 4) . At the fluorescent level, antibodies to both proteins localized to regions where TBC bulbs are known to occur ( Figure 4A and B) . Additionally, the HOMER1 antibody labeled regions where we would expect ESs to be ( Figure 4A ). Using preembedding immunoelectron microscopy, we were more accurately able to see labeling at TBC bulbs for HOMER1 ( Figure 4D and E), and TRPM6 ( Figure 4G and H). Normal rabbit IgG (NRIgG) controls were negative for staining at TBC bulbs ( Figure 4F and I) .
Western blots were also performed as specificity controls for both HOMER1 and TRPM6 antibodies ( Figure 4C) . A band for HOMER1 appears around 40 kDa corresponding to its predicted molecular weight. A prominent band also appears around 60 kDa, which may be due to interactions between HOMER1 and one or more of its binding partners. Western blots for TRPM6 show a band at ∼230 kDa that also corresponds to its molecular weight with additional bands that also appear in the NMIgG control blot.
STIM1 and ORAI1 colocalize at the periphery of Sertoli cell apical processes
Using immunofluorescence of fixed frozen sections, we observed that both STIM1 and ORAI1 were present in Sertoli cells (Figure 5) , including in apical processes. The antibody against STIM1 labels Sertoli cells extending from the basal region through filamentous projections into apical processes surrounding late spermatids ( Figure 5A ). The ORAI1 antibody showed a similar Sertoli cell pattern, extending from the base of Sertoli cells into the apical process but the labeling was more diffuse ( Figure 5C ) compared to the filamentous pattern seen with the STIM1 antibody. Similar patterns were not seen in NIgG controls for the STIM1 antibody ( Figure 5B ) or the ORAI1 antibody ( Figure 5D ). The specificity of both antibodies was further evaluated by western blot. The STIM1 antibody detected a band between 70 and 100 kDa which is consistent with the predicted molecular weight of STIM1 (86 kDa) ( Figure 5H ). The antibody also detected a band at a lower molecular weight between 55 and 70 kDa which is not seen in control lanes probed with NRIgG ( Figure 5H ). This band may represent STIM1 that has undergone cleavage as it has been reported to be regulated by calpain cleavage [40] . The ORAI1 antibody detected a band between 40 and 55 kDa which is consistent with glycosylated ORAI1 (50 kDa) ( Figure 5H ). The ORAI1 antibody also detects a band just below 55 kDa in whole testis lysate and another just below 25 kDa in both whole testis and seminiferous epithelium lysates that are also seen in the control lysates probed with NMIgG ( Figure 5H ).
Staining for STIM1 and ORAI1 in apical processes of Sertoli cells was revealed at higher resolution in epithelial fragments where we observed labeling throughout Sertoli cell apical processes for both STIM1 ( Figure 5E ) and ORAI1 ( Figure 5F) . Surprisingly, staining for the two proteins did not appear codistributed at the bulbs. When STIM1 and ORAI1 patterns were overlayed, regions of colocalization were seen near the periphery of the apical process ( Figure 5G) , not at regions known to contain bulbs. The colocalization of STIM1 and ORAI1 in apical processes was quantified in deconvolved Z stacks of epithelial fragments from three different animals. The fraction of STIM1 colocalized with ORAI1 at peripheral sites in apical processes in the three animals was 0.41 ± 0.07, 0.21 ± 0.05, and 0.31 ± 0.09 (95% CI, n = 11, 11, 10), respectively ( Figure 5I ). The fraction of ORAI1 in the same three animals was 0.43 ± 0.07, 0.33 ± 0.05, and 0.41 ± 0.06 (95% CI, n = 11, 11, 10), respectively ( Figure 5I ).
Endoplasmic reticulum-plasma membrane contacts occur at the periphery of the apical processes
The apparent colocalization of STIM1 and ORAI1 at the periphery of apical processes prompted us to evaluate these regions at the ultrastructural level and search for ER-PM contact sites. At the periphery of apical processes, concentric layers of ER surround more central regions that encase the heads of spermatids and the related clusters of TBCs. The outermost tubular cisternae are often swollen and form close contacts with the PM (Figure 6A and B) . The distance between the PM and ER at these regions of close contact was measured to be 13.3 ± 1.1 nm (95% CI, n = 47) and 14.2 ± 1.0 nm (95% CI, n = 45) in two different animals. This is within the reported range of STIM1 contact sites 10-25 nm [41] . When these contact sites are viewed at high magnification, electron dense connections can be seen between the two closely apposed membranes ( Figure 6D-M) .
ATP2A2 is present in apical processes
In cryosections probed with antibodies against ATP2A2, a Sertoli cell pattern was seen with labeling extending from the base of the epithelium to the apex ( Figure 7A ). At a higher magnification in cryosections, the labeling surrounded the nucleus and extended filamentous projections toward the apex of each cell where it labeled apical processes ( Figure 7B ). This labeling pattern was not seen in specificity controls ( Figure 7C ). In epithelial fragments, the antibody labeled the periphery of the apical process and ESs ( Figure 7A , inset). The specificity of the antibody was further evaluated by western blot where it recognized a single band between 70 and 100 kDa in both whole testis lysate and seminiferous epithelium lysate ( Figure 7D ). This is slightly lower than the predicted molecular weight for ATP2A2 of 110 kDa.
Using immunoelectron microscopy, ATP2A2 is seen throughout the apical process including ESs ( Figure 7E ). The primary antibody controls did not have a similar labeling pattern ( Figure 7F ).
Discussion
The ER is a prominent component of Sertoli cells [11, 42] , and elements of the system have for many years been recognized as characteristic features both of unique actin filament-related junctions (ESs) in this cell type [2, 43, 44] and of structures termed tubulobulbar complexes responsible for junction internalization [5, 45, 46] . Here we show that cisternae of ER that are specifically associated with the bulb regions of TBCs meet the morphological criteria for being membrane contact sites, as do cisternae localized more peripherally at the PM of apical processes. Proteins involved with Ca 2+ regulation are found at these contact sites, and at ESs. A diagrammatic summary of this localization pattern in apical processes of rat Sertoli cells is shown in Figure 8 . It has long been suspected that the ER component of the unique adhesion junctions (ESs) in Sertoli cells functions to generate local changes in Ca 2+ levels which in turn regulate either the junctions themselves or the related actin bundles [13, 47] . A model previously proposed by Guttman et al. [14] predicted that ITPR was present in the ER at ESs and releases Ca 2+ to initiate disassembly of the actin bundles at sites during junction remodeling that occurs at sperm release and turnover of the blood-testis barrier. Although this disassembly was thought to be due to the Ca 2+ -dependent actin severing protein gelsolin, this was later shown not to be the case [48] . A more recent study has shown that plastin 3 (PLS3), an actin bundling protein that is negatively regulated by Ca 2+ , is present at ESs [49] and a release of Ca 2+ may function to inhibit the bundling activity of PLS3. Our immunolocalization data did not suggest that ITPR is present at ESs, rather it showed that ATP2A2 was present at ESs. , and HOMER1 where they may act in a complex where HOMER1 is the cytosolic factor bridging TRMP6 in the PM with ITPR in the ER. The ER is also a component of the ESs where we have identified both ITPR and ATP2A2 which may function to regulate Ca 2+ levels within ESs. At the periphery of the apical process where ER is closely associated with the PM, we have identified STIM1, ORAI1, and ATP2A2 which may function to replenish depleted Ca 2+ stores by SOCE. STIM1 and ORAI1 were also observed in the general ER of Sertoli cells.
been shown to form a complex with ITPR and HOMER1 and is involved in SOCE [20] . HOMER1 binding blocks DD/E residues on TRPC1 [50] , which is the site of STIM1 binding [51, 52] . The stimulation of ITPR leads to activation of STIM1 and the dissociation of ITPR-HOMER1-TRPC1 complexes [53] revealing the DD/E residues. STIM1 then is able to bind to the DD/E residues on TRPC1 and stabilize the channel in its open state [51, 52] . Our observation that TRPM6 is in the same regions as ITPR and HOMER1, together with the observation that STIM1 is generally distributed in the ER, makes this potential mechanism attractive. TRPM6 contains both a Homer-binding ligand (residues 1367-1371) and STIM1-binding residues (residues 1380-1381), though these two sequences are eight residues apart in TRPM6 compared to four residues in TRPC channels. The function of any potential ER-mediated Ca 2+ oscillations at TBCs is unknown; however, Ca 2+ signaling could be related either to regulation of the actin cytoskeleton in neighboring tubular regions or to the eventual identification and function of the bulbs as putative endosomes.
It has previously been shown that TBC bulbs are associated with early endosome markers before and after budding, providing evidence for their identity as putative endosomes [33] . Interestingly, the maturation and acidification of endosomes has been linked to their release of luminal Ca 2+ , a process that is inhibited when endosome Ca 2+ levels are artificially reduced [54] . At the same time, TRP channels have been found to enable regulated release of Ca 2+ from both endosomes and lysosomes [55] . Because TBC bulbs are putative endosomes, it is perhaps not surprising then that TBC bulbs would contain TRP channels like TRPM6 in order to release Ca 2+ for maturation and acidification. While TRPM6 was selected as a Ca 2+ release candidate at TBCs based on bioinformatics data, it is likely that other TRP channels could also be involved in this process such as in endosomes generally. Furthermore, the possibility remains that Ca 2+ movement between TBCs and the ER, if occurring, could be bidirectional. Endoplasmic reticulum Ca 2+ is known to be sequestered into lysosomes and possibly endosomes via currently unidentified uptake channels [56] . Further experimentation In this study, we identify two new ER-PM contact sites in Sertoli cells: at the bulbs of TBCs and at the periphery of apical processes. Our results also show that proteins known to be involved with regulating intracellular Ca 2+ levels in other systems are present at ESs, at TBCs, and at peripheral PM contact sites. Importantly, this work provides the first solid support for the hypothesis that local fluctuations in Ca 2+ generated by subdomains of the ER in Sertoli cells may play a significant role in events that occur during spermatogenesis, particularly those related to junction remodeling.
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